Introduction
Carbon nanowalls (CNWs) are two-dimensional carbon nanomaterials consisting of stacked graphene sheets, which are vertically standing on the substrate [1] [2] . Figure 1 is a top-view SEM image of typical CNWs. Since a graphene sheet has high mobility and large current carrying capability, it is expected that the CNWs also have such the excellent electrical properties. Therefore, they are promising as channel and electrode materials in future nanoelectrics devices. In recent years, we have succeeded controlled synthesis of both p-type and n-type semiconducting CNWs and control of their carrier concentrations using plasma-enhanced chemical vapor deposition (PECVD) method [3] . In that experiment, after the synthesis of CNWs on the quartz substrate, 150 nm -thick aluminum electrodes were deposited on the top of the CNWs by electron beam evaporation. According to Hall measurement results using the van der Pauw method, resistivity of balk CNWs was 0.011 Ωcm. However, because the CNWs have webbing morphologies, it is difficult to determine the electron-conducting path in the CNWs. In this study, in order to measure the electrical properties of the single CNW, we investigated a bridging growth of single CNW between microfabricated metal electrodes.
Experimental
In this experiment, CNWs were formed on the SiO 2 /Si substrates with trench structures, which were fabricated using an electron-beam lithography and anisotropic plasma etching techniques. Au/Ta or Ti was deposited by electron beam evaporation. Using oblique angle technique, they were deposited only on the top regions of SiO 2 rather than the bottom of trench. Then, the CNWs were formed by an electron beam excited plasma-enhanced chemical vapor deposition (EBEP-CVD) using CH 4 /H 2 mixture gas. The substrate temperature and total pressure during the growth process were 600C and 2.67 Pa, respectively. A growth time is ranging from 10 to 30 min. After the CNW growth, H radical annealing was performed to remove amorphous interlayer elsewhere than the CNWs.
Results and discussion
Figures 2(a) and 2(b) show the top-view SEM images of CNWs grown on the patterned Ti/SiO 2 /Si substrates with trench structures, of which widths are 260 nm and 210 nm respectively. A growth time was 10 min. A shown in Fig. 2(a) , there is no CNW at the 260 nm-wide trench regions, although the CNWs are found elsewhere than the trench. On the other hand, it is found that a single CNW bridges across the 210 nm-wide trenches. In addition, in the both cases, no CNW is observed at the bottoms of the trenches. This result indicates that local electric fields around the trenches are essential to bridging growth of CNWs. In this experiment, a single bridging CNW was grown across the trenches only in cases in which the trench widths were ranging from 100 to 200 nm. Figure 3 shows the number of CNWs bridging across the trenches as a function of trench width. A growth time was 10 min. It is found that the number of bridging CNW increases with decreasing trench width. This means that bridging growth of CNWs is controllable by changing the trench width.
Using this bridging growth technique of CNW, we fabricated metal/single CNW/metal structures to measure electrical properties of a single CNW. SiO 2 /Si substrates with trench structures were fabricated by electron-beam lithography and anisotropic plasma etching techniques. Figure. 2 Top-view SEM images of the CNWs grown on the patterned substrates with trench structures, of which the widths are (a) 260 and (a) 210 nm, respectively. 
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R c is the contact resistance between CNW to Au/Ta electrode, and ρ is the resistivity of CNW. Symbols, t, h, l are width, height and length of bridging CNW, respectively. Figure 6 shows the electrical resistance of bridging CNW as a function of the l/h ratio. In this figure, values of l and h are obtained from SEM images. From the slope of the fitted line, the resistivity of single bridging CNW is obtained 2.8×10 -3 Ωcm, assuming that t is 3 nm. The obtained resistivity value of single bridging CNW is about one digit lower than that of balk CNWs [3] . It is speculated that kinks and branches in bulk CNWs could be an important factor to increase their resistivity. On the other hand, it is higher than that of the epitaxial graphene layers (1.3×10 -4 Ωcm) [4] . It may be attributed to crystallinity of graphene layers in the CNWs, since the growth temperature of CNWs in this experiment (600C) is much lower than that of epitaxial graphene (1450C). However, the resistivity of single bridging CNW is sufficiently low despite its very low growth temperature. This result indicates application possibility of CNWs to flexible electronics on various substrates.
Conclusion
We succeeded in fabricating metal/single bridging CNW/metal structures and measuring their electrical properties. The resistivity of single bridging CNW is sufficiently low despite its very low growth temperature. This result open the way to device applications of CNWs on various substrates. (a)
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